Recent reports based on direct recording from various locations along the auditory nerve in humans during neurosurgical procedures have suggested that the auditory nerve-brainstem response (ABR) wave II is generated by the same neurons which generate wave I. In order to analyze this possibility using a different approach, ABR was recorded in ten rats in response to several click intensities and click repetition rates. These studies were also repeated in ten human volunteers. The amplitudes and latencies of ABR waves I, II and III were analyzed in order to determine if wave I and II behaved in a parallel fashion with changes in stimulus intensity and latency, as would be expected from the physiological "all or none law" if both waves were generate d by the same axons. Several types of analyses indicate that the amplitudes of ABR waves I and II do not grow in amplitude in a parallel fashion with increases in stimulus intensity and decreases in stimulus rate. This is evidence either for independent sources of waves I and II or for composite sources of wave II both from the auditory nerve and the cochlear nuclei.
Introduction
The auditory nerve-brainstem response (ABR) waveform is considered to reflect the far-field volume conducted potentials which are generated in the auditory nerve and the ascending brainstem auditory pathway. These potentials have been shown to be invaluable in hearing screening in infants and in difficult-to-test children [12, 13] , as well as in the neurological diagnosis of brainstem lesions [14, 16] .
An understanding of the origin of the ABR wave components can be of great importance in the clinical application of ABR, and therefore has been of significant interest to a number of investigators. There is a general consensus among researchers that the generating sites of waves I, III, IV, and V are, respectively, the auditory nerve, the superior olivary complex and the region of the lateral lemniscus-inferior colliculus. However, controversy and uncertainty have recently been introduced regarding the origin of scalprecorded wave II in humans following experiments involving the introduction of direct intracranial recordings in patients during neurosurgical procedures that have included direct recordings from the auditory nerve and its vicinity [1, 2, [5] [6] [7] [8] [9] . These recordings were made from proximal and distal portions of the eighth nerve, from the entrance of the eighth nerve into the brainstem, and from additional brainstem sites.
Moller and his group [7] have concluded from direct ABR recordings that the sole source of wave II is the auditory nerve as it exits the internal auditory meatus. They have found additional theoretical support for this from considerations of the length of the auditory nerve, the nerve conduction velocity and synaptic delay. These findings have led them to conclude that the second-order neurons (cochlear nucleus) would be expected to fire at times coinciding with the appearance of ABR wave III [9] . Based on essentially similar direct recordings [2] and theoretical evidence [1] , Hashimoto and his group concluded that wave II is generated by neurons from the cochlear nucleus as well as from some secondary In this study, the physiological "all or none law" has been applied to obtain physiological evidence concerning the source of the ABR wave II. Moller et al. [7] concluded that wave I is the compound action potential of the auditory nerve fiber impulses in the cochlea (i.e., in the distal portion of the nerve), while wave II is the compound action potential generated by the same impulses as they exit the internal meatus (proximal portion of the nerve). Thus, if waves I and II truly reflect the same impulses that are coming from different portions of the nerve, the second wave -according to the "all or none law" -should behave exactly parallel to that of the first wave in stimulus intensity and rate studies. The present investigation was therefore devised to compare the slopes of the amplitudes and latencies of waves I, II and III in intensity and rate functions in humans and in rats.
Materials and methods
This study was conducted on ten normal hearing volunteers and ten white Sabra laboratory rats. The human subjects were taken from a larger group of volunteers (aged 15-25 years) and were selected for having clear and large amplitude wave II over a wide range of click intensities and stimulus repetition rates. In addition to having normal hearing, all subjects were free of any known neurological disorders. The ABR recordings in all animal and clinical studies were obtained from one ear, using a Microshev 2000 ABR system with alternate polarity clicks of various intensities and repetition rates. The electrical activity was recorded in our volun-28 C. Tait et al.: Source of ABR wave II teers as the potential difference between ipsilateral earlobe and scalp vertex electrodes (ground at the contralateral earlobe) and needle electrodes attached to the vertex and ipsilateral paw (ground at the tail) in the rats studied. The recorded electrical activity was filtered (200-2000 Hz), amplified (about 106), and averaged. There were approximately 1000 stimulus repetitions for the volunteers and 128 repetitions for the rats. Two replications of each recording were made.
The rats were anesthetized with pentobarbital IP. Normal body temperature was maintained with the use of the electric surface heat. The earphone was clamped at a constant distance from each animal's ear (just above the pinna). Auditory brainstem recordings in both humans and rats were made in response to 135,125,115,105, 95 dB peSPL clicks (95, 85, 75, 65 and 55 dB HL respectively), at stimulus repetition rates of 20/s, and to 115 dB SPL (75 dB HL) at stimulus repetition rates of 10/s, 20/s, 40/s and 80/s. Measurements of absolute latencies and peak-to-peak amplitudes of waves I, II, III were made.
The data were subjected to linear correlation and regression analyses to determine whether or not the amplitudes (and latencies) of wave II paralleled those of wave I as a function of the click intensity and of the click repetition rate. For comparison, the slope of wave III was also determined as a function of these stimulus parameters, since there is general agreement that wave III is a postsynaptic event, Table 1 shows the correlation and regression parameters for ABR waves I-III. Regression parameters were not calculated for those cases not showing significant correlation coefficients (for example the dependence of wave I, II, III latency on click repetition rates in rats). The slopes of the regression lines for wave II were compared to those for wave I whenever possible by considering the standard error for the slopes and the chances for possible overlap. Accordingly, we found that the slope of the dependency of wave II latency on click intensity is significantly different from that of wave I in our volunteers. In contrast, the dependence of wave II latency on click rate was similar to that of wave I. Further, the slope of wave II amplitude with click rate was different from that of wave I in our volunteers. Thus, even though there is a strong correlation between the amplitude of wave I and click intensity, there is no correlation of wave II amplitude with intensity.
Results
In the rat intensity functions, the slope of the latency of wave II differed from that of wave I while the slopes of the amplitudes recorded were similar.
An additional analysis in our volunteers showed that the average slope of the dependence of the amplitude difference between waves II and I on click intensity differed significantly from 0. This also indicates that the amplitude of these two waves does not grow in parallel with intensity. Other types of analyses gave similar results.
Discussion
This study has been an indirect attempt to determine the source of wave II in humans and in rats by studying the slope of the amplitude and latency of this wave as a function of stimulus intensity and repetition rate. The physiological "all or none law" provides the theoretical basis for such a study. Moller et al. [7] have maintained that wave I in humans represents the compound action potential of eighth nerve impulses from the distal segments of the nerve fibers in the cochlea before they enter the internal meatus, while wave II is the compound action potential from the same impulses generated in the same nerve fibers as they exit the internal auditory meatus. Under these circumstances, waves I and II should behave similarly in intensity and rate functions. In other words, once a nerve fiber fires an impulse in the cochlea and contributes to wave I, it is inconceivable that this impulse should not be propagated along the same axon and contribute to wave II if this second wave were indeed generated by the same fibers that generate wave I, as maintained by MoUer et al. [7] . Therefore, as stimulus intensity is elevated or rate is decreased, the increasing number of nerve fibers responding should contribute in an equal (parallel) fashion to both waves I and II. Since a synapse is not necessarily a one-to-one impulse relay, if a synapse were to intervene between the generators of waves I and II, then wave II may not parallel wave I as the stimulus rate or intensity is varied. These considerations are more applicable to possible parallel changes in amplitudes rather than the latencies of waves I and II, since interpeak latencies are relatively invariable with changes in stimulus intensity and rate.
We have found that the dependence of the amplitude of wave II on intensity in our human subjects was not significant, while that for wave I was highly significant. These findings should be considered as evidence that these two waves do not grow in amplitude with intensity in a parallel fashion. Other types of analyses show that the amplitudes of waves I and II do not grow in parallel. The dissimilarity of the slopes of the rate functions for amplitude of waves I and II could also lead to the conclusion that they are generated by different neurons, with a synapse intervening. Since the slope of the amplitude -intensity function of wave II in the rat is similar to that of wave I, one could conclude that they are both generated by the same neurons.
Our study was designed to attempt to corroborate, although in an indirect fashion, the conclusions of Moller et al. [5] [6] [7] [8] [9] that both waves I and II are generated by the same neurons. Even though this conclusion was reached from direct clinical record-ings in patients during neurosurgical procedures, it is in need of further support, particularly since the intracranial recordings used could not always be directly compared with scalp recordings. This is due to the fact that the two recording techniques were not always conducted concurrently and different analog filters, different acoustic transducers and different scalp electrode sites were used [6, 7] .
Our findings might also be supported by studies using multiple electrode sites with reference to noncephalic electrodes. However, the conclusions from such studies also conflict. While several scalp distribution studies conclude that waves I and II have different polarities and different scalp distributions [3, 10, 15] , the results of similar studies as well as considerations of eighth nerve conduction velocity and length indicate that wave II is generated by the same nerve fibers as wave I [11] , in agreement with Moller et al. [7] . This consideration also leads to the assignment of wave III to the cochlear nucleus [7, 11] .
Thus, at the present time direct nerve recordings [1, 2, [5] [6] [7] [8] [9] , scalp distribution studies [3, 10, 11, 15] and theoretical considerations [2, 9, 11] have led to conflicting conclusions concerning the origins of several of the ABR waves. In contrast, the results of our study using other physiological considerations and experiments are more compatible with the hypothesis that waves I and II are generated by independent sources (i.e., the auditory nerve and cochlear nucleus, respectively) or that wave II is a composite of simultaneous components from the auditory nerve and the cochlear nucleus, as suggested by Hashimoto et al. [1, 2] .
